Abstract-An analysis of tnmel-diode low-level detection is presented for the purpose of explaining some of the unusual detection characteristics that occur under certain hias conditions. For example, in the vicinity of its inflection hias point, a tmmel diode exhibits a discriminator-like rectification behavior with two sensitivity peaks. When biased at one of these peaks, the diode is capable of unusuaUy high sensitivities, at least an order of magnitnde better than the sensitivity of any other known diode.
sistance to noise impulse generation under shock and vibration, aging stability, broad bandwidth capability, and accurate analytical performance evaluation from measured static characteristics.
The excellent performance of the hot carrier diode under bias conditions has been reported in Hall [21and Sorensen [S] together with an adequate analysis. In the case of the tunnel diode, however, despite numerous references [41-[101 reporting on specific examples of sensitivity performance, the analyses are found to be restricted and incomplete such that important features of the overall behavior of this versatile detector are overlooked. For instance, it is not generally appreciated that the tunnel diode, when biased in its negative resistance region, is capable of at least an order of magnitude of greater sensitivity than any other diode detector for frequencies below resistive cutoff; also, that it is capable of bipolar amplitude modulation of its video output. The former
Manuscript reeeived October 25, 1966; revised May 22, 1967 . This paper is based on NASA Teeh. Note D-3905, June, 1967 spacecraft, and aircraft. The purpose of this paper is to present a low-level detector analysis which is general enough to cover tunnel-diode behavior for any bias condition, and to demonstrate detection features which are peculiar to the tunnel diode. Super regenerative detection and converter action are not included in this discussion, i.e., the tunnel-diode detector circuit is assumed to be in a stable condition at all times.
In the work described herein, the rectification current sensitivity I? is expressed as a function of the reflection coefficient I' and it is shown that a knowledge of this quantity, together with the diode static characteristics and the video circuit, permits accurate analysis of low-level detection performance for any bias condition.
Calculations are carried through on an example diode and compared against measured data.
When a tunnel-diode detector is biased in its negative resistance region and operated below resistive cutoff frequency, it is an RF amplz~er and must look into an impedance that insures stable operation, i.e., it requires a nonreciprocal isolator or circulator to insure stability against spurious oscillations. Also, as an amplifier it exhibits the usual gain bandwidth limitations, and examples of sensitivity behavior versus RF bandwidth are discussed.
The final section of the paper discusses the diode figure of merit M and here a specific comparison with the hot carrier diode is made in order to illustrate relative sensitivity capability.
II. EQUIVALENT CIRCUIT AND DIODE CHARACTERISTICS
Microwave low-level detectors usually consist of a combination of transmission-line circuits and lumped reactance, plus the diode. The complete detailed equivalent circuit can be quite complicated, particularly in the case of broadband designs, but for the purposes of the present analytical discussion it is preferable to reduce down to the simple equivalent circuit shown in Fig. 1 . This circuit is referenced to the diode junction and is often utilized for diode analysis. [131-[171 Circuit elements R, and L are both functions of frequency since they represent the series equivalent of the impedance that includes the diode series inductance, the diode package capacitance, and the entire external RF input circuit.
The differential junction resistance R may assume either positive or negative values. When it is negative, the circuit represents a negative-resistance reflection-type amplifier where the voltage gain is simply equal to the reflection coefficient r referred to RQ, i.e., (z-Rg)-R,=z-2R, ,
where Z is the total series impedance of the circuit.
[
This type of tunnel-dode amplifier and its stability considerations are widely discussed in the literature. [1s1-[211 Circuit stability criteria must be satisfied at all frequencies below the resistive cutoff frequency in order to insure finite values for I' and avoid spurious oscillations.
For Fig. 1 , a safe and sufficient[181 stability criterion may be written in the form f R/ > (R, + R.) > , R?~for negative R.
A small signal analysis of the Fig. 1 circuit is carried out in Appendix I for the purpose of deriving a general expression for b, and there it is shown that the basic diode quantities required are G, R,, C, and G', where G' is the first derivative of the diode differential junction conductance, G.
For purposes of practical illustration and experimental confirmation, the measured characteristics of an actual diode example, a selected commercial MS1012 back diode, will be utilized throughout the discussion. A back diode["l is simply a tunnel diode with a low peak current wherein the "forward voltage" direction is reversed (backwards) from the usual tunnel-diode polarity. Fig. 2 illustrates the V-1 characteristic of the example diode and, also, a typical hot carrier diode. Three distinct bias points are denoted on the back diode curve because they are often referred to and used as subscripts on the voltage and current:
1 In addition to the RF circuit, the deteetor video circuit and dc bias circuit must also satisfy their stability criteria.
O refers to the zero bias point, p refers to the peak current bias point, and i refers to the inflection bias point.
Although the low peak current (1.= -0.286 mA) qualifies the example diode to be called a back diode, it will be referred to as a tunnel diode because it has a resistive cutoff frequency of about 9 GHz and, also, it was chosen specifically to demonstrate the detection behavior that can be obtained when biased into the negative resistance region.
A calculation of the derivatives, G and G', from Fig Since the total series resistance is zero at f,, it follows that the diode will look like a short circuit at resonance whereby r= -1. Thus, the technique consists of tuning the detector to resonance at any convenient microwave frequency, and recording the bias voltage required to give a reflection coefficient exactly equal to unity at that frequency. The frequency thereby becomes an f. value; Ra is known; R can be determined from Fig. 3(b) 
It will be noted that B can increase almost in direct proportion to the RF power gain I r] 2 of the tunnel diode, thus indicating the possibility of very large current sensitivities Equation (10) can be manipulated into several interesting forms by applying appropriate restrictions upon I' and G. If we apply the restriction that r be real (circuit resonance condition), then from (~) and (1) Z= Rg+R, +r 
The value r is the equivalent series resistance of the diode junction.
Solving for R, from (12) and substituting into (10) results in r 
G is negative fr The frequency f, will be recognized as the resistive cutoff frequency of a tunnel diode, above which the diode cannot supply RF gain, i.e., I r/ <1 for f >fr. It follows that for f >f,, i'%will be optimized when r= O.
When f =f,, the PSexpression becomes indeterminant and one must go back to the general equation (10) to computẽ , utilizing the fact that r = -1 for this particular condition.
Finally, when f <f,, then from (12) we see that I I'] >1
and may be made arbitrarily large by adjusting Rg, so that no optimum value for (33can be defined and it may be increased without limit, at least in theory.
A plot of the two frequencies f. and f, versus bias for the example tunnel diode is shown in Fig. 4 . Knowing these values, it is then a simple matter to compute the gross frequency behavior of B from (16) or (19) for a given I'. The data points shown in Fig. 4 were the frequencies at which f. measurements were made in order to determine the value of the diode junction capacitance (refer to Section III for description of measurement). The optimum curve for the peak current bias point, VP= -0.046 volts, is calculated from (18) since G is zero, and it demonstrates the unique 6 dB per octave constant slope obtained for this particular bias condition. Note that this constant slope behavior results in unusually high sensitivities at the lower microwave frequencies, and full advantage may be taken of this if the circuit losses can be kept small, i.e., the detector circuit Q is inversely proportional to frequency (Q= l/20JCR,) for the VP bias condition.
The dashed line curve for V= -0.07 volts, I'= -10, f <f.
is calculated from (19) since G is negative, and it clearly shows the high sensitivities that can be obtained at microwave frequencies below resistive cutoff when a tunnel diode is biased in its negative resistance region. An interesting feature of this curve is that P tends to approach infinity as the frequency approaches,. This behavior is simply the result of assuming a constant value for r, whereby the circuit Q would increase rapidly asf, was approached. In actual practice, operation close to f, requires such low generator impedances to maintain a given value of r that coupling circuit losses become important and the resultant attenuation of the incident RF power must be taken into account. is also calculated from (19). Note that this curve drops below the zero bias curve by a factor of about ten in the millimeter-wave region. The calculated curves of Fig. 5 have been experimentally verified for the example diode at spot frequencies of 3, 5, 6, and 7 GHz, as illustrated by the data points plotted thereon.
Experimental confirmation at many other values of I' was obtained, but the data has been omitted in the interest of keeping the family of curves as simple as possible.
From Fig. 5 it is evident that there must be a continuous variation in B versus bias under stable operating conditions, and a typical example of this type of variation is illustrated in Fig. 6 (a) for the example diode. The solid curve was calculated from (10) As a practical note, it might be pointed out that the zero rectification point provides an extremely sensitive means for locating the exact inflection point on a tunnel-diode characteristic.
IV. BANDWIDTH BEHAVIOR OF,8
In general, bandwidth will be inversely proportional to the Q factor of the equivalent circuit shown in Fig. 1 , which may be written
where
co. is taken to be the center frequency of the passband and r. is the equivalent series resistance of the diode junction at tie. For purposes of illustration, it is convenient to calculate the simple case of fixed-element single-tuned series resonance3 wherein the bandwidth Af is given by the familiar ratio of j_O/Q, so that from (21) one obtains Af=&= R,+ R,+ro
Upon substituting for L from the single-tuned resonance condition cooL = ro(cJoCR) (24) and expressing Rg in terms of reflection coefficient ro, (23) may be manipulated into the form ()
An inspection of (25) shows that bandwidth becomes inversely proportional to the RF voltage gain of the tunneldiode circuit. Also, the maximum gain bandwidth product is equal to ( l/rrRC), which is in agreement with derivations contained in Hines[la] for the single-tuned circuit case. of Af calculated from (25) for the example diode under conditions of V= -0.07 volts and circuit resonance at 6 GHz. Fig. 7 also contains a plot of D versus bandwidth as measured on the tuned detector mount that was utilized for obtaining the experimental C-band data. This particular 3 It is assumed that the reader recognizes the fact that the circuit of Fig. 1 is not actually a fixed-element single-tuned circuit because of frequency dependence in R., L, and r. If l/f noise is neglected, then the diode video noise can be attributed to shot noise and thermal noise components which have been shown[l'1 I [38] ,[391to be represented by the equivalent circuit of Fig. 8(a 
A plot of 1,. for our example diode is shown in Fig. 9 , where it will be noted that 1,~departs considerably from 1 near zero bias. At zero bias, lea must equal the value corresponding to the thermal noise of the conductance Go, i.e., 2KTG0 iio= = 4KTGoB. Ri is the total equivalent resistance, being the parallel combination of R, and (R,+ R). It should be pointed out that (32) is particularly significant for a tunnel-diode detector because of the fact that R can become large and, also, may be negative. Either condition will restrict the maximum value that R? can take. For instance, the stability criteria for the video circuit require that R, be positive, so that from (32) b "Midband" refers to the middle of the video passband determined by the video amplifier. infinite input impedance as shown in Fig. 8(c) Fig. 10 represents the noise current contributed by the diode alone. The measured data points shown in Fig. 10 were obtained from rms noise voltage measurements on the example diode, and they agree with the calculated curves within the limits of experimental measurement error. 1) The considerable variation in noise voltage level versus diode bias reflects the variation that occurs in Ri, (32). Video resistance R, affects the shape and peak value of the Ri variation.
2) In the vicinity of zero bias where R; becomes less than 100 ohms, amplifier noise can easily dominate the diode noise and thus degrade sensitivity.
c The video amplifier utilized in conducting the noise measurements on the example diode had the following characteristics: gain, 10 000; bandwidth, 2 mHz; input impedance, 50 kfl and 60 pF; noise & 730 ohms. Noise due to I& was subtracted out in order to obtain diode noise data. detectors. It is generally found to be consistent withiñ 1 dB in RF power level for given receiver conditions and a given observer. To overcome the problem of changing receiver conditions and/or changing observers, it is necessary to measure the average signal to noise ratio actually associated with a given receiver-observer setup, and then correct the measured data to the fixed reference value of 8 dB which is utilized in the literature for calculation and comparison of tangential sensitivity performance. 8 dB results in a voltage ratio of 2.5 in the video circuit, and this value will be employed in the calculations to follow.
The minimum video detector equivalent circuit7 needed for computing tangential sensitivity is shown in Fig. 12 
Assuming that Ri is adjusted for an adequate safety margin in (37), then the voltage Es developed is simply 7 The terminology "minimum circuit" is used in the sense that there can never be fewer components than shown in Fig. 12 . Needless to say, actual detector video circuits are oftentimes considerably more complicated due to the presence of chokes, transformers, pulse peaking circuits, etc. The calculated curves of Fig. 13 have been experimentally verified with the example diode at frequencies of 3, 5, 6, and 7 GHz, as illustrated by the data points plotted thereon.
The experimental receiver setup for measuring tangential sensitivity had a consistent value of 4 for the ratio of observer interpreted peak to peak noise amplitude on the oscilloscope as compared to the measured rms value. This results in a tangential sensitivity signal to noise ratio of 12 dB on the video side for the experimental measurements. Since the calculated curves are based upon the fixed reference value of 8 dB, all experimental data was corrected by the square root of the difference, or 2 dB, in order to obtain a valid com~ari- Tangential sensitivity versus frequency for example diode under conditions of R<< lkfl and R,u = O. here. An example of the increased bandwidth that can be obtained from more complex circuit design is shown in Fig.  16 , where the performance of a double-tuned response design is compared with a single-tuned response design. It will be noted that the bandwidth was improved by a factor of three in this particular instance.
As a practical note, it might be pointed out that a P,
versus Af plot provides a very effective means for evaluating the relative performance of tunnel diodes when measured in the same detector mount at the same resonant frequency. 
Upon substituting (16) and (48) into (47) 
Thus, the ratio of G' to G is equal to a and substitution into VIII.
CONCLUSIONS
A low-level detection analysis of the tunnel diode has been presented with the aim of covering its detection behavior for any bias condition, particularly in the negative resistance region. It has been shown that for negative resistance biasing, the tunnel diode exhibits the following interesting detection properties: 1) For a bias excursion through the inflection point, the detector shows a discriminator-like rectification reversal behavior, with the zero output point anchored precisely at the inflection bias point.
2) For frequencies below resistive cutoff, sensitivity is proportional to (1 -1'2), where 1'2 is the RF power gain of the detector viewed as a reflection-type amplifier, so that unusually high sensitivities can be achieved.
3) For frequencies above resistive cutoff, the sensitivity drops rather abruptly and quickly becomes inferior to the zero bias sensitivity.
The unusually high sensitivities which are made possible via control of I'z must necessarily be subject to all of the trade-offs that are associated with high-gain RF amplifiers, and it was shown that the usual gain bandwidth product applies directy, i.e., a higher sensitivity can only be achieved at the expense of a smaller bandwidth.
Other trade-offs, familiar to the tunnel-diode amplifier art, include greater temperature variation, more critical bias regulation, a lower saturation power level, and more critical circuit stability conditions. If one is willing to accept the trade-offs, then sensitivities an order of magnitude better than any other video detector are readily achieved. In fact, the sensitivity can actually be pushed to the point of being competitive with a superheterodyne receiver under certain conditions. A practical by-product of this detection study was the observation that the rectified current from a tunnel-diode amplifier provides a very sensitive and valuable tool during the design and adjustment phase of an amplifier, since it can be utilized to monitor bias stability, spurious oscillation, bandpass shape, bandwidth adjustment, temperature effects, saturation effects, extraneous signals, etc. The rectified current could also be incorporated into a feedback loop for bias point control or automatic gain control.
Special mention must be made of the peak current bias point of a tunnel diode. It was shown that this particular bias point results in a sensitivity inversely proportional to the square of the frequency, and this behavior results in unusually high sensitivities at the lower microwave frequencies.
The easy stability conditions involved in peak current biasing make it a very attractive operating point.
APPENDIX I DERNATION OF p
The rectification current sensitivity @ is given by the ratio of 1, to P,,
By restricting Pi to low levels such that the RF voltage excursion on the nonlinear diode characteristic is small compared to the radius of curvature, then Taylor series approximations[ll can be employed to derive an accurate expression for low-level rectification.
The equivalent RF circuit shown in Fig. 1 of the main text will be utilized for this analysis, but it requires the addition of a zero impedance bias battery~b, in series with the RF generator Eg, in order to represent the dc bias vokage applied across the diode. 
The first term,~( V,%), is simply the bias current lb. The second term is the linear RF current determined by the differential junction conductance G at the bias point ()
In the third term, the second derivative of the function may also be written as the first derivative of the conductance, i.e.,
"'(v") '(#)v=v,b=(%)v=v,b=@< "0)
Thus, (57) may be written I = Ib + Gv + ;G'v2.
(61)
The current 1 may now be combined with the current through the condenser, Cdv/dt, to give the current l,, i.e., I,= I+C: =Ib+Gv+c:+; G'v2.
Voltage V must be related to the applied RF signal E, which is assumed to be a small sinusoid E, = bejut, b<< V&
The necessary relationship may be established by writing 10 as a Taylor series expansion in terms of the applied voltages (~b+&), whereupon one obtains by inspection (64) where L is the rectified current and Z is the total series impedance of the circuit. Utilizing this approximation for l., it follows that the voltage V across the diode junction is given by where Zi is the equivalent series impedance junction "=( G-t-lj.C) 
Only the average value of the squared term is of interest so that it is necessary to take the real part thereof. Furthermore, the voltage drop (R.lr) is very small compared to the RF magnitude of v, i.e., b ;
>> R=IT. 
In Fig. 1, if At the peak current point, GI must go to zero so that from (83) and (84) we obtain It will be noted in (77) that the first derivative is the junction conductance G of the diode, and in (78) that the second derivative is therefore G'.
The above relationships apply only to the diode junction, so that it is necessary to add a fourth equation in order to account for the series resistance R,, 
Upon substituting the peak current condition obtained from setting (77) 
By substituting (92) and (91) into (76) one can relate the inflection point current to the peak current 
